eyeless (ey) is a key regulator of the eye development pathway in Drosophila. Ectopic expression of ey can induce the expression of several eye-specification genes (eya, so, and dac) and induce eye formation in multiple locations on the body. However, ey does not induce eye formation everywhere where it is ectopically expressed, suggesting that EY needs to collaborate with additional factors for eye induction. We examined ectopic eye induction by EY in the wing disc and found that eye induction was spatially restricted to the posterior compartment and the anterior-posterior (A/P) compartmental border, suggesting a requirement for both HH and DPP signaling. Although EY in the anterior compartment induced dpp and dac, these were not sufficient for eye induction. Coexpression experiments show that EY needs to collaborate with high level of HH and DPP to induce ectopic eye formation. Ectopic eye formation also requires the activation of an eye-specific enhancer of the endogenous hh gene.
Introduction
The Drosophila compound eyes are specified by the activities of a small number of nuclear factors: eyeless (ey), twin of eyeless (toy), eyes absent (eya), sine oculis (so), and dachshund (dac) (reviewed by Desplan, 1997; Heberlein and Treisman, 2000) . Consistent with their role in eye specification, loss-of-function mutations in ey, toy, eya, so, and dac cause loss of eye (Bonini et al., 1993; Cheyette et al., 1994; Czerny et al., 1999; Mardon et al., 1994; Quiring et al., 1994) , while their ectopic expression, either alone or in combination, can induce ectopic eye formation (Bonini et al., 1997; Chen et al., 1997 Chen et al., , 1999 Cheyette et al., 1994; Czerny et al., 1999; Halder et al., 1995 Halder et al., , 1998 Kronhamn et al., 2002; Shen and Mardon, 1997) . Among these, ey, which encodes a Pax6 transcription factor, has the strongest ability to induce extra eyes (Halder et al., 1995 (Halder et al., , 1998 . toy functions upstream of ey and activates ey expression (Czerny et al., 1999) . In turn, EY activates the expression of eya, so, and dac and requires them for ectopic eye induction (Chen et al., 1999; Halder et al., 1998; Shen and Mardon, 1997) . However, ectopic expression of eya, so, and dac can also induce ey expression and require ey for eye induction (Chen et al., 1997; Shen and Mardon, 1997) . Thus, these genes form a network of regulation with feedback loops (reviewed by Desplan, 1997; Heberlein and Treisman, 2000) .
Eye development also depends on cellular interaction through intercellular signaling (reviewed by Heberlein and Treisman, 2000) . At the early third instar stage, a wave of differentiation begins at the posterior margin of the eye disc and progressively sweeps toward the anterior. The front of this wave is marked by the morphogenetic furrow (MF). Anterior to the MF are undifferentiated cells, while posterior to the MF are progressively differentiating retinal cells (Wolff and Ready, 1991) . The initiation and progression of the MF requires two major signaling pathways: Hedgehog (HH) and Decapentaplegic (DPP). HH is a secreted protein, which is cleaved by autoproteolysis to form the N-terminal fragment (HH-N) that serves as a signaling ligand (Lee et al., 1994; Porter et al., 1995) . HH binding to its receptor Patched (PTC) induces PTC internalization into the cell and leads to the movement of hyperphosphorylated Smoothened (SMO) to the cell surface (Alcedo et al., 2000; Denef et al., 2000; Ingham et al., 2000) and the eventual nuclear translocation and activation of its nuclear effector CI, a C2H2 type zinc finger protein encoded by the cubitus interruptus (ci) gene (reviewed in Ingham, 1998; Ingham and McMahon, 2001; Nybakken and Perrimon, 2002) . The nuclear active CI induces expression of the downstream target genes like dpp and ptc (reviewed in Aza-Blanc and Kornberg, 1999) . When HH signaling is blocked (in smo mutant clones) at the eye disc margin, photoreceptors are absent within the clone, suggesting that HH signaling is essential for MF initiation (Dominguez, 1999) . Constitutive activation of HH signaling (in mutant clones of ptc or pka) can induce ectopic MF in the region anterior to the normal MF in the eye disc (Ma and Moses, 1995; Pan and Rubin, 1995; Strutt et al., 1995; Strutt and Mlodzik, 1996; 1997) . Therefore, HH signaling is required for MF initiation during normal eye development.
DPP is a member of the TGF␤ family of signaling molecules. It is secreted and can act as a long-range morphogen (Nellen et al., 1996) . When DPP signaling is blocked in the posterior and lateral margins of the eye discs, in cells mutant for its receptor thick veins (tkv) or its downstream effector Mothers against dpp (Mad), MF initiation is blocked Wiersdorff et al., 1996) . Thus, DPP signaling is required for MF initiation. This role may be in suppressing the ability of Wingless (WG) to block MF initiation (Dominguez and Hafen, 1997; Treisman and Rubin, 1995) . Ectopic dpp expression can induce ectopic MF initiation, but only from the anterior margin of the eye disc (Chanut and Heberlein, 1997b; . Therefore, HH and DPP are both required for MF initiation.
For MF progression, the roles of HH and DPP are partially redundant. Internal smo, tkv, or punt clones in the eye disc retard but do not stop MF progression Dominguez, 1999; Greenwood and Struhl, 1999; Strutt and Mlodzik, 1997) . However, when both HH and DPP signaling are absent (in smo, Mad double mutant Fig. 1 . Ectopic eyes induced by EY in the wing disc were restricted to the posterior compartment and A/P border. Clones expressing UAS-ey (ActϾey) were marked by coexpressing UAS-GFP S65T . Ectopic eyes were based on clustered ELAV expression (red). Anterior (A) is to the right and dorsal (D) is up in all discs in this and all subsequent figures. In all panels (except f), the DIC image is overlaid on the confocal images to illustrate the overgrowths. (a) ActϾey clones (GFP, green) in the eye disc did not affect normal eye differentiation (ELAV, red) when posterior to the MF. ActϾey clones overlapping with or anterior to the MF did not induce ectopic photoreceptors. (b-e) ActϾey clone in wing discs caused overgrowth. ActϾey clone close to the A/P boundary in the P compartment (b, asterisk) or within the posterior compartment (c, d) can induce ectopic eyes. The boxed area is presented in the insets (higher magnification in b). Ectopic eye was not induced in some clones (b, c, arrow) in the posterior compartment. (d) ActϾey clones in the anterior compartment (arrowhead) did not induce ectopic eye. (e) ActϾey clones induced equivalent level of EY protein (blue, also shown in inset) in both P and A compartments. biϾey (f) and 30AϾey (g) in the wing disc caused eye induction (ELAV, red) along the A/P border, whereas apϾey (h) induced ectopic eyes (ELAV, blue) in the posterior dorsal region (h).
clones or tkv, smo double mutant clones), photoreceptors do not develop within the clone (Curtiss and Mlodzik, 2000; Greenwood and Struhl, 1999) , suggesting that DPP and HH signaling have partially redundant functions in MF progression and photoreceptor differentiation.
Consistent with their role in MF initiation and progression, dpp and hh are expressed at the posterior margin of early third instar eye disc before MF initiation (Blackman et al., 1991; Chanut and Heberlein, 1997a; Dominguez and Hafen, 1997) . In late third instar eye discs, hh is expressed posterior to the MF in differentiating photoreceptor cells and in a small region of the presumptive dorsal head, called the ocellar spot (Lee et al., 1992) , while dpp is expressed within the MF (Blackman et al., 1991) . The importance of the eye-specification genes and the signaling genes suggests that they may have regulatory relationship. In early eye discs, ey is expressed in the entire eye disc, while later, in late third instar eye discs, ey is expressed anterior to the MF only (Halder et al., 1998) . HH and DPP signaling are not required for ey expression in the eye disc (Chen et al., 1999; Curtiss and Mlodzik, 2000) , although hh is required for ey expression in the embryonic eye primordium (Chang et al., 2001 ) and DPP signaling is required for the expression of eya, so, and dac in the eye disc (Chen et al., 1999; Curtiss and Mlodzik, 2000) . Whether ey is required for hh and dpp expression is not known. Even though ectopic EY can induce eye development, eye induction does not occur everywhere where ey is ectopically expressed (Halder et al., 1995 (Halder et al., , 1998 Shen and Mardon, 1997) , suggesting that additional factor(s) are involved. We ectopically expressed ey in randomly located clones in the wing disc and examined for the spatial restriction for eye induction. The EY-dependent eye induction was restricted to the posterior (P) compartment and the anteriorposterior (A/P) compartmental border. EY induced DAC, dpp, and ptc in both the anterior (A) and P compartments, but these were not sufficient for eye induction. Ectopic EY did not affect the posterior-specific hh expression. Coexpression of ey and hh can cause eye induction in both A and P compartments. These results suggested that high HH signaling is required to collaborate with EY for eye induction. Furthermore, EY failed to induce ectopic eye formation in hh 1 mutant flies, suggesting that an eye-specific enhancer in the hh gene is required for eye induction. We also showed a requirement for high DPP level in EYmediated ectopic eye induction. Our results demonstrated an interaction between EY and the patterning genes, hh and dpp, in eye development.
Materials and methods

Fly stocks
The fly stocks used in this study include w; P[ActϾy ϩ ϾGAL4]25 P[UAS-GFP S65T ] (Ito et al., 1997) ; bi-GAL4, ap-GAL4 (Calleja et al., 1996) ; 30A-GAL4 (Brand and Perrimon, 1993) ; UAS-ey (Halder et al., 1995) Basler, 1999, 2000) ; UAS-dpp (Staehling-Hampton and Hoffman, 1994) ; UAS-brk (Jazwinska et al., 1999) ; y w hsFLP 122 (Struhl and Basler, 1993) ; dpp-lacZ (Blackman et al., 1991) ; hh-lacZ (P30) (Lee et al., 1992) ; ptc-lacZ (Hidalgo, 1994) ; and hh 1 and ey 2 (Lindsley and Zimm, 1992) . The required genetic combinations were generated by appropriate fly crosses.
Generation of "flp-out" expression clones
To generate random "flp-out" clones (Ito et al., 1997) were combined with the UAS transgene(s) and the necessary lacZ reporter. Eggs were collected every 12 Ϯ 2 h and incubated for another 12 Ϯ 2 h, after which the first instar larvae were administered a single heat-shock for 1 h at 37°C. Some samples were heat shocked at 48 Ϯ 2 h during the second larval instar to generate clones later in development. All larvae were transferred to 25°C for recovery and further development.
Immunohistochemistry
Eye-antennal and wing imaginal discs were dissected from wandering third instar larvae in 1 ϫ PBS and fixed in 4% paraformaldehyde (in PBS) for 20 min. They were washed three times with PBST (1 ϫ PBS ϩ 2% Triton X-100) for 10 min each and blocked with 10% normal goat serum for 1 h. The discs dissected from larvae that carry the lacZ markers were incubated overnight at 4°C in rat anti-ELAV (1:200; DSHB) and rabbit anti-␤-GAL (1:800; Cappel). In other samples, the discs were incubated overnight at 4°C in anti-rat-ELAV (1:200; DSHB) and one of the following primary antibodies viz., mouse or rabbit anti-␤-GAL (1:500; Cappel), mouse anti-DAC (1:500; G. Mardon), mouse anti-EYA 10H6 (1:500; DSHB), mouse anti-EN 4D9 (1:200; DSHB), mouse anti-PTC (1:200; I. Guerrero), mouse anti-WG 4D4 (1:500; DSHB), rat anti-SMO (1:400; S. Cohen), rat anti-CI 2A1 (1:200; R. Holmgren), rabbit anti-HH-N (1:1000; T. Tabata), rabbit anti-HTH (1:800; Pai et al., 1998) , or rabbit anti-EY (1:500; U. Walldorf). The discs were washed in PBST twice for 10 min each and blocked again for 30 min in 10% goat serum. Secondary antibodies (Jackson Laboratories) were donkey anti-rat IgG conjugated to Cy5 (1:200), donkey anti-rabbit conjugated to Cy3 (1:400), and goat anti-mouse IgG-conjugated to FITC (1:200). These and/or Alexa Fluor 488 (1:500) were added in appropriate combinations, and the disc samples were incubated for ϳ2 h and washed in PBST for 10 min. The discs were mounted in DABCO mountant (Sigma) in 90% glycerol and scanned on a Zeiss LSM510 confocal microscope.
Results
Ectopic ey expression induces eye formation only in the posterior compartment and the A/P border
Randomly located clones expressing the UAS-ey transgene (induced using the "flp-out" system of Ito et al. (1997) , and abbreviated throughout the text as "clonal" expression or as ActϾey because the GAL4 expression is driven by an Actin promoter) were marked by UAS-GFP expression. In the eye discs, ActϾey clones did not affect growth or photoreceptor differentiation (marked by ELAV) when posterior to the MF, nor affected growth or induced ectopic eyes when anterior to the MF (Fig. 1a) , except that ectopic photoreceptors were induced in 6% of the clones in the ocellar region (not shown).
In wing discs, ectopic ey expression was always associated with overgrowths, whereas eye induction (monitored by the induction of ELAV-expressing cells in an ordered array resembling ommatidial organization) was observed in 33% (25/76) of ActϾey clones that were located within the P compartment or along the anterior-posterior (A/P) compartmental boundary (Fig. 1b-d) . The induction of ectopic eyes was not dependent on the size of the ActϾey clone, as both small clones (Fig. 1b, asterisk ) and large clones (Fig.  1b-d, arrows) induced ectopic eyes. None of the ActϾey clones (0/26) in the A compartment showed ectopic eye induction, even when the clone was quite large (Fig. 1d,  arrowhead) . EY protein was induced cell-autonomously in all ActϾey clones and appeared in equivalent levels in A and P (Fig. 1e) , so the A-P difference in eye induction is not due to difference in EY level. This was further confirmed by expressing two copies of UAS-ey, which showed the same posterior restriction in eye induction (data not shown).
To further analyze the posterior restriction of eye induction, targeted misexpression of ey was induced by using different GAL4 drivers whose expression domains cover regions of the wing disc that spanned the A/P boundary. These were: bi-GAL4 (Calleja et al., 1996) , 30A-GAL4 (Brand and Perrimon, 1993) , and ap-GAL4 (Calleja et al., 1996) . In all cases, the induction of ectopic eyes was limited to the A/P border ( Fig. 1f and g ) or the P compartment (Fig.  1h) . Because the expression driven by these GAL4s began at different times during disc development (not shown), our results suggest that the timing of ey expression is not a critical factor in determining the spatial bias. The spatial restriction did not change when ActϾey clones were induced in the first (Fig. 1-4) , second, and early third instar (data not shown) of larval development, although the frequency of eye induction is highest when ActϾey clones were induced in the first instar.
DAC and dpp are induced by EY but not sufficient for eye induction
In ActϾey clones that induced ectopic eyes, only part of the clone became ELAV-positive, suggesting that ey induced the formation of an eye field, which undergoes progressive differentiation resembling the normal eye disc. Ectopic EY expression in wing discs induced DAC autonomously (Shen and Mardon, 1997; Fig. 2a and b ) . In the ActϾey clones that induced large ectopic eyes, DAC levels were low in the region of ELAV-positive cells (Fig. 2a , inset arrowhead) and high in the region devoid of ELAVpositive cells (Fig. 2a, inset arrow) . This pattern of DAC expression resembles the DAC expression pattern in the third instar eye disc, where DAC is high anterior to the MF and low posterior to the MF (Mardon et al., 1994) . Similarly, the MF marker dpp is expressed on the surface of the outgrowths (Fig. 2c , lower right panel) and surrounding the ectopic photoreceptors (Fig. 2c, upper right panel) . These patterns of dac and dpp expression resemble their expression pattern in eye discs and suggest the progression of a MF in the ectopic eye field. The orientations of ectopic MFs (based on DAC, dpp, and ommatidial organization) appeared independent of the A/P orientation of the wing disc (Fig. 2a, and results not shown) .
Unlike the nonuniform DAC pattern within the ActϾey clones in the P compartment that induced ectopic eyes, DAC, when induced, was uniform within the A clones and in those P clones without eye induction (Fig. 2b) . dpp was induced in some of the cells in ActϾey clones located in either the A (Fig. 2d) or P compartment (Fig. 2c, arrowhead) away from the A/P border. Thus, EY can induce DAC and dpp without causing eye development, suggesting that DAC and dpp are not induced as a consequence of eye development and that their induction was not sufficient to induce eye development. Earlier studies on coexpression of dpp, eya, and so by 30A-GAL4 (abbreviated as 30AϾdppϩeyaϩso) revealed that induction of strong DAC expression all around the wing pouch caused no eye induction (Chen et al., 1999) , indicating that DPP and DAC, even when present with EYA and SO, are insufficient for eye induction. Chen et al. (1999) showed that when ey was induced around the wing pouch (30AϾey), ELAV-positive cells were induced only at the intersection with the A/P border, where dpp is expressed, suggesting a requirement for DPP. However, the A/P border is also the site of high level of HH signaling. When ey and dpp are coexpressed (30AϾeyϩdpp), eye induction can occur in a broader region, but is primarily restricted to the P compartment (Chen et al., 1999) , consistent with our finding that dpp and ey are not sufficient for eye induction. Therefore, induction of EY-mediated ectopic eyes requires some posterior-specific factors.
EY collaborates with HH to induce ectopic eyes
The restriction of ey-induced ectopic eyes to the P compartment suggested an involvement of hedgehog (hh) and/or engrailed (en), two genes that are specifically expressed in the P compartment (Lee et al., 1992; Kornberg et al., 1985) . In the P compartment, hh transcription was not repressed in the ActϾey clones, whether overgrowths (Fig. 3a) or ectopic eyes (Fig. 3b) were induced. In the A compartment, ActϾey clones did not induce hh transcription (Fig. 3a and b arrows). To test whether ey misexpression affected hh expression posttranscriptionally, we examined HH protein levels using an antibody directed against the N terminus of HH (HH-N) (Tabata and Kornberg, 1994) . In posterior ActϾey clones, HH-N level was not reduced (Fig. 3c and d) . In anterior clones, HH-N was not induced (Fig. 3d, arrow) . Thus, EY has no apparent effect on hh expression, either transcriptionally or posttranscriptionally. Likewise, the EN level was not affected in ActϾey clones (data not shown) or in 30AϾey discs (see Fig. 5e ). The apparent requirement for a P-specific factor and the inability of EY to induce HH and EN suggested that EY may need to collaborate with HH or EN to induce eye development. Since it is reported that mutant clones deficient for en and the closely linked invected (inv) do not affect ey expression in the eye disc and show no obvious eye phenotypes (Strutt and Mlodzik, 1996) , we examined the requirement of hh for ey-mediated ectopic eye induction.
If HH is a factor required in parallel to EY function, then coexpression of EY and HH may induce eye formation in the A compartment. Clonal ActϾeyϩhh expression resulted in eye induction in both A and P compartments ( Fig. 4a and  b) . Cells coexpressing eyϩhh caused induction of DAC ( Fig. 4a and b) , dpp, PTC (data not shown), and EN (Fig.  4d) as well as suppression of CI (Fig. 4c) . The suppression of CI may be a secondary consequence due to EN activation. In addition, the frequency of ectopic eye induction by ActϾeyϩhh was significantly higher (22/53 ϭ 42%) than that of ActϾey (25/76 ϭ 33%) for clones in the P compartment and the A/P border. For ActϾeyϩhh clones in the A compartment, 46% (21/46) caused ectopic eye formation. 30AϾeyϩhh showed 100% penetrance in eye induction in the A compartment, although the size of these ectopic eyes was variable from disc to disc (Fig. 4d , and data not shown). One possible reason for the higher penetrance of eye induction by the weaker 30A-GAL4 is that the 30A-GAL4 expression domain is much larger than the ActϾeyϩhh clones. These results suggested that EY and HH collaborate in ectopic eye induction. 
Ectopic eye formation requires an eye-specific enhancer of the endogenous hh gene
To substantiate the results on HH requirement, we looked at the consequence of EY misexpression in hh 1 flies. hh 1 is a hypomorphic allele that causes an eye-specific "bar-eye" phenotype and carries a 1.6-kb deletion in the first intron, which presumably contains an eye-specific enhancer (Lee et al., 1992) . In hh 1 mutant, hh expression is lost in the mid-late third instar eye discs but appears normal in the other discs (Huang and Kunes, 1996; Lee et al., 1992 (Hidalgo, 1994) , suggesting that the hh function is weakly affected in the hh 1 wing discs. The ActϾey clones induced DAC and CI (Fig.  4f ) but failed to induce ectopic eyes in hh 1 mutants (Fig.  4e) . wg, a negative regulator of MF initiation (Ma and Moses, 1995; Treisman and Rubin, 1995) , was not induced (Fig. 4e) . Since hh expression in the wing discs appears normal in hh 1 , it is interesting that ActϾey cannot induce ectopic eyes in hh 1 wing disc. This result suggested that the amount of HH present in the hh 1 wing discs might be lower than that normally required to induce eye development. Our observation that overexpression of HH in P increased the frequency of EY-induced ectopic eyes also argues that the HH level in P is limiting for eye induction. These results further suggested that ectopic eye formation also depends on an eye-specific enhancer in the endogenous hh gene that is deleted in hh 1 mutant. The inability of EY to induce ectopic eye in hh 1 further demonstrated that HH is required for EY-mediated ectopic eye induction.
Eye induction in posterior compartment of the wing disc
Although hh is expressed in the P compartment of the wing disc, the P cells do not express ptc (Philips et al., 1990) and ci Sluarski et al., 1995) , two components involved in HH signaling. Therefore, we checked the effect of EY on the components in the HH signaling pathway. In the third instar eye disc, ptc expression is strongest in a thin stripe anterior to the MF and at low levels in the remaining eye disc (Ma and Moses, 1995; Philips et al., 1990) . In the wing disc, ptc is expressed at low level in the A compartment and at higher levels in cells immediately anterior to the A/P boundary (Philips et al., 1990) . In the wing disc, ActϾey clones autonomously induced ptc transcription in both A and P clones ( Fig. 5a and  b) . PTC protein levels were also upregulated in ActϾey clones in both A (Fig. 5c ) and P compartments (data not shown). In eye and wing disc, SMO is expressed high in P cells and MF or A/P border, respectively, and low in A cells (Alcedo et al., 2000; Denef et al., 2000; Ingham et al., 2000) . In the ActϾey clones, SMO level was autonomously upregulated in both A (Fig. 5c ) and P cells (Fig. 5d) . In the eye disc, CI is ubiquitously expressed with a strong expression just anterior to the MF and absent only in the ocellar region (Strutt and Mlodzik, 1996) . In the wing discs, CI is expressed at low level in the A compartment and is upregulated in a broad stripe in the A/P boundary in response to the HH signal from the P compartment Sluarski et al., 1995) . Clonal or targeted expression (by 30A-GAL4 and bi-GAL4) of ey did not affect the expression of EN and CI ( Fig. 5e and f, and data not shown). In summary, ectopic EY in wing disc upregulated PTC and SMO in both compartments but had no effect on CI. These results suggest that the HH signaling for ectopic eye induction (in collaboration with EY) may be mediated through PTC and SMO in both compartments.
Since CI is absent in the P compartment and not induced by EY, HH signaling for eye induction in the posterior cells may be mediated through a CI-independent effector. Alternatively, the role of HH in the A compartment is to suppress CI, which acts as a transcriptional repressor in the absence of HH signaling Basler, 1999, 2001 ). Therefore, it may be the absence of CI, rather than the presence of HH, in the P compartment that allows EY to induce eye development. However, this possibility can be ruled out, because if it is the absence of CI in P that is critical, then overexpression in P should not be expected to enhance the frequency of eye induction by EY, as we observed.
We tested whether CI is the sole mediator of HH signaling during eye development. A truncated form of CI (CI CELL ) mimics the repressor function of CI and can dominantly block CI activity (Methot and Basler, 1999) . In the eye disc, when ci CELL was coexpressed with ey, MF initiation and photoreceptor differentiation were blocked within the ActϾeyϩci CELL clone (Fig. 6a) . The cells at the margin of the ActϾeyϩci CELL clone were not rescued by the surrounding wild-type cells that express HH, suggesting that the effect was not due to the repression on hh transcription by CI CELL (Methot and Basler, 1999) . Thus, normal MF initiation requires at least some HH target genes that can be blocked by CI CELL . We tested whether HH can signal in the absence of CI. Since CI CELL can suppress hh transcription, we induced hh expression by the GAL4/UAS method. Coexpressing hhϩci CELL (biϾhhϩci CELL ) showed overgrowth and ectopic MF initiation (Fig. 6b) . The ectopic MF occurred in the bi-GAL4 expression domain, suggesting that HH signaling in MF initiation can occur in cells in which CI function is blocked. This interpretation is tentative because the CI CELL may not completely block endogenous CI function in the eye disc cells.
In wing disc, when ey was coexpressed with full-length CI (biϾeyϩci FL ), the eye induced was in both A and P compartments (Fig. 6c) and much larger than those induced by biϾey (Fig. 1f) . Similar results (not shown) were obtained with coexpression of ey and a constitutively active form of CI (CI PKA ; Methot and Basler, 2000) . This suggested that CI can mediate HH signaling both in the A and P cells, even though it is not normally expressed or required in the P cells. In biϾeyϩci CELL wing discs, very few ELAV-positive cells were induced (not shown). This may suggest that CI CELL blocked HH signaling mediated through a low level of CI, which is below detection limit. Alternatively, the CI CELL can suppress hh transcription, so there is not sufficient HH for eye induction.
Requirement for high DPP signaling
The ectopic expression results indicated a requirement for collaboration of EY with HH to induce eye formation. Chen et al. (1999) have shown that DPP is similarly required. When all three components were coexpressed in ActϾeyϩhhϩdpp clones, eyes were induced in A and P (Fig. 7a) . Very strong overgrowth and distorted morphology in the disc (note that Fig. 7a is shown at 1/2ϫ magnification relative to the other panels) prevented a comparison of the frequency and size of eye induction relative to those of ActϾeyϩhh. 30AϾeyϩhhϩdpp caused a high larval lethality at 25°C. In the wing discs from the surviving larvae, probably representing the weaker phenotypes, eye induction often extended into the P compartment (Fig. 7b) . These results are consistent with the requirement for high DPP level. In support of this hypothesis, when DPP signaling was blocked by coexpressing ey with brinker (brk), an antagonist of DPP signaling (Campbell and Tomlinson, 1999; Jazwinska et al., 1999) , in biϾeyϩbrk and dppϾeyϩbrk, eye induction was blocked in wing discs ( Fig.  7c and d) .
Discussion
EY collaborates with HH and DPP during eye induction
Ectopic ey expression can induce ectopic eyes but not everywhere where it is expressed, suggesting that additional factor(s) is required for ey-mediated eye induction. In order to define the factors that are required to collaborate with EY during eye induction, we used the wing disc as a test ground. We induced EY expression in clones at random locations in the wing disc and examined for spatial restrictions in eye induction. We found that eye induction occurred only around the A/P border and in the P compartment (Fig. 1b-d ). This spatial restriction was further confirmed by targeted expression in wider regions in the wing disc using the GAL4-UAS system (Fig. 1f-h ). The restriction of ectopic eye induction to the P compartment suggested the requirement for a P-specific factor, which we identified as HH. Ectopic EY expression had no effect on hh transcription or HH protein level (Fig. 3) . EY also did not alter the A or P cell lineage specification, as EN (Fig. 5e ) and CI expression (Fig. 5f) were not affected in EY-expressing clones. When HH was coexpressed with EY, eye induction occurred in the A compartment (Fig. 4a-d) . These results showed that EY collaborates with HH during eye induction.
Ectopic eye induction by EY also requires DPP (Chen et al., 1999) . When ey was induced under weak GAL4 drivers (30A-GAL4 and bi-GAL4), eye induction occurred only at the A/P border ( Fig. 1f and g; Chen et al., 1999) . Even when ey, eya, so, and dac were all coexpressed (by 30A-GAL4), eye induction is still restricted to near the A/P border (Chen et al., 1999) . DPP is a morphogen secreted from the A/P border cells and acts over a long range (Nellen et al., 1996) . The restriction of eye induction by EY to the A/P border suggests that a high DPP level is required. Ectopic EY can induce dpp and DAC, which may not necessarily be associated with eye induction (Fig. 2) , suggesting that the induced DPP and DAC are not sufficient for eye induction. When EY was induced by strong GAL4 drivers (Act-GAL4 and ap-GAL4), eye induction occurred away from the A/P border ( Fig. 1b-d, h ), possibly due to high DPP induced by high EY. When additional DPP was induced by a weak GAL4 (30AϾeyϩdpp), eye induction can also occur away from the A/P border (Chen et al., 1999) . When DPP signaling was blocked by BRK (biϾeyϩbrk and dppϾeyϩbrk), eye induction by EY was blocked ( Fig. 7c and d) . These results showed that high DPP levels are required for EYmediated ectopic eye induction.
In 30AϾeyϩdpp and 30AϾeyϩdppϩdac, ectopic eyes are induced only in the P compartment (Chen et al., 1999) , suggesting that HH is absolutely required even when DPP is provided. In contrast, in 30AϾeyϩhh and ActϾeyϩhh, eye induction can occur even at the most anterior edge of the wing disc (Fig. 4a, b, and d) , suggesting that high levels of HH can induce sufficiently high levels of DPP. Thus, although both HH and DPP were required for the EY-dependent eye induction, HH plays a more important role.
Ectopic HH or activation of the HH signaling in the eye disc can cause the formation of ectopic MF (Ma and Moses, 1995; Pan and Rubin, 1995; Strutt et al., 1995 Strutt et al., , 1996 Strutt et al., , 1997 . The occurrence of the ectopic MF is spatially restricted to the region (competence zone) immediately anterior to the normal MF. This spatial restriction suggested that HH is not sufficient to induce MF initiation and requires the presence or absence of other factor(s). The combination of EY, HH, and high DPP in the competence zone is consistent with our finding that these three collaborate to induce eye.
Ectopic DPP can also induce MF initiation, but only from the anterior margin of the eye disc . Positive autoregulation of DPP occurs only at the disc margin, so a high level of DPP may be achieved at the margin. At the lateral margins, ectopic MF initiation was blocked by high level of WG. The anterior margin of the eye disc therefore has EY, low WG, and can possibly be induced to have high DPP, but has no detectable hh expression. Perhaps the presence or absence of an unknown factor in the region renders HH signaling dispensable for eye induction. Even when ey, hh, and dpp were all coexpressed, eye induction still did not occur everywhere ( Fig. 7a and b) . Thus, there are additional factors that may be required for eye induction.
Eye induction depends on an eye-specific enhancer of hh
Although endogenous HH is expressed in the P compartment, when additional HH was provided (ActϾeyϩhh), eye induction in the P compartment occurred at higher frequency than that induced by ActϾey. This suggested that a high HH level is required to achieve maximal output. This hypothesis is further supported by our observation that clonal or targeted expression of ey failed to induce ectopic eyes in hh 1 files. In hh 1 mutant eye discs, furrow progresses to only about 11 rows of ommatidia, resulting in flies with small "bar-shaped" eyes (Heberlein et al., 1993; Huang and Kunes, 1996) . This phenotype is attributed to the deletion of a putative eye-specific enhancer in the first intron of hh (Lee et al., 1992) . This suggests that hh expresses an eye-specific profile normally activated through the eye-specific enhancer. Therefore, the failure of eye induction in the hh 1 wing discs suggested that ey requires the activity of an eye-specific enhancer element of the endogenous hh gene to induce ectopic eyes.
HH signaling in eye induction in the posterior compartment of wing disc
Our results show that EY collaborates with HH in the P compartment of wing disc for eye induction. Because CI expression is not detectable in the P compartment and not detectably induced by EY, HH may function independent of its canonical effector CI. Methot and Basler (2001) have shown that, for the regulation of several target genes in the wing disc and for wing morphogenesis, CI is absolutely required for HH signaling. However, several reports have suggested the existence of CI-independent HH signaling in other developmental processes (Gallet et al., 2000; Hummel et al., 2002; Shyamala and Bhat, 2002; Suzuki and Saigo, 2000) . Our results may show yet another example of CIindependent HH signaling. However, the CI CELL may not completely block CI function in the eye disc and we have not tested whether HH signaling in the wing disc P compartment can occur in the complete absence of CI (e.g., in a ci null mutant clone). So we do not rule out the formal possibility that the HH signaling in the wing disc P compartment is mediated through a very low level of CI, which is below the sensitivity of our detection method.
Combinatorial requirement for eye specification
Our results indicated that EY need to collaborate with high level of HH and DPP for eye induction. Since HH and DPP are secreted molecules and can act over long range, the requirement for their high level restricts the site of eye development. At the time of MF initiation, hh and dpp are expressed at the posterior margin of the eye disc, and ey is expressed throughout the eye disc. So the coexistence of EY, high HH, and high DPP occurs only at the posterior margin to induce MF initiation. After MF initiation, ey is downregulated in the developing photoreceptor cells poste- Fig. 5 . Ectopic EY up-regulated PTC and SMO but did not affect EN and CI. (a) ActϾey clones (GFP, green) in the P compartment showed upregulation of ptc-lacZ (blue) (higher magnification in the right panels) and induced ectopic eyes (ELAV, red) (magnified in the lower right panel). (b) ptc-lacZ (blue) was induced in A and P clones away from the endogenous ptc stripe at the A/P boundary. (c) ActϾey clones upregulated the level of PTC (red) and SMO (blue). Individual PTC and SMO expression pattern were shown at higher magnification in the two right panels. (d) SMO (blue) upregulation was stronger in larger clone (GFP, green; also in inset at higher magnification) that caused overgrowth. (e) 30AϾey (GFP, green) did not affect EN (red, also shown as a separate image to the right). (f) biϾey did not affect CI expression (blue, shown as a separate channel to the right), while DAC (red) was induced. Fig. 6 . CI requirement in EY-mediated ectopic eye induction. (a) ActϾeyϩci CELL (GFP, green) in the eye disc posterior to the MF cell-autonomously suppressed retinal differentiation (ELAV, red). (b) A biϾhhϩci CELL eye-antennal disc showed ectopic eye induction (arrow) in the lateral margins of the eye disc. hh misexpression caused severe overgrowth in both the eye and antenna discs. Note that the disc was very large and was shown at 1/2ϫ magnification with respect to the other discs in this figure. The antenna duplication can be seen in the disc. (c) biϾeyϩci FL wing disc showed ectopic eye (ELAV, red) in the bi-GAL4 domain spanning the A/P border. High level of PTC (green) expression was induced throughout the bi-GAL4 domain, indicating upregulation by HH signaling.
rior to the MF (Halder et al., 1998) , where hh is expressed. dpp is expressed only at the MF. Thus, the only location where EY, high HH, and high DPP levels coexist is just anterior to the MF, allowing the MF to progress anteriorly. Our results clearly showed that even when ey, hh, and dpp were all provided (30AϾeyϩhhϩdpp), eye induction still did not occur everywhere, suggesting that additional factors are required. It was proposed that the coexpression of the eye-specification genes, eya, so, dac, ey, toy, and eyg, occurring first in the second instar eye disc, specified the eye fate (Kumar and Moses, 2001) . We showed that the patterning genes dpp and hh are also involved in this combinatorial requirement to make sure that inappropriate eye induction does not normally happen. Fig. 7 . EY also requires DPP signaling to induce ectopic eyes. (a) ActϾeyϩhhϩdpp clones (GFP, green) caused massive overgrowths in the wing disc. Large ectopic eyes (ELAV, red) were induced in both the P and A compartments. The disc was very large and shown at 1/2ϫ magnification with respect to the other panels in this figure. (b) 30AϾeyϩhhϩdpp caused high lethality with few larvae surviving to the third instar. In the wing discs from these escapers, which perhaps represent the weaker phenotype, ELAV (red) cells occurred in the A compartment and extended partially into the P compartment (marked by EN, green). (c, d) Coexpression of EY with the DPP antagonist brk by bi-GAL4 (c) or dpp-GAL4 (d) completely blocked the EY-mediated ectopic eye induction (ELAV, red). The expression of Homothorax (HTH) (green), a negative regulator of eye development (Pai et al., 1998) , and dpp (d, blue) was not affected.
